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For describing the main field model at the 2000.0 epoch and the secular variation over the 20002005 time-
span, three candidate models for the International Geomagnetic Reference Field (IGRF 2000) were proposed at the
beginning of 1999, called in a phabetical order IPGPOO (proposed by IPGP), 1ZMI100 (proposed by IZMIRAN) and
USUKOO (proposed by USGS/BGS). A fourth model, IGRF95 (the updated IGRF 1995), was suggested by the
Working Group chairman. The modelling methods and the data used are presented by each team elsewherein this
special issue. This study is an attempt to test these models using the total field intensity provided by the @rsted
satellite, the only data available from that satellite at the time when the two tests describing here were done. The
first test consists of evaluating the differences between the real and the synthetic data computed from the candidate
models. The second test compares the capability of the candidate models to reduce the Backus effect, using a
predictive dip-equator position and @rsted data. Both tests show that the quality of the candidate modelsisfar from
being acceptable, and, therefore, a new candidate model for the main field, using vectorial @rsted data, is required.

1. Introduction

A five-year interval separatesthe epochsfor which models
to describe the main geomagnetic field and its secular varia
tion are proposed by Working Group V-8 of the International
Association of Geomagnetism and Aeronomy (IAGA). To
produce these models, the standard procedure consists of a
request for candidate models from the geomagnetic commu-
nity, followed by an eval uation of the models submitted, and
finally an adoption of the final model, the so-called Interna-
tiona Geomagnetic Reference Field (IGRF). In this paper
the quality of the models submitted prior to the availability
of @rsted vectorial datais examined.

Themost relevant information about the candidate models
are summarized here. The full description of the inversion
method, and the geomagnetic data used, are described by
each teaminthe present issue. Thefour models, up to degree
and order 10, are referred to as |PGPOO, 1ZM100, USUK 00,
and IGRF95.

The IPGPO0 model was proposed by B. Langlais and M.
Mandea (Institut de Physique du Globe de Paris, France).
The model was based on 1997 observatory annual means
(145 values of X, Y, Z components), repeat stations occu-
pied during 1997 and adjusted to 1997.5 using the nearby
observatory (67 values of X, Y, Z components), and marine
data obtained from 1995 to 1998, at local night time and for
kp < 2 and then reduced to 1997.5 by the IPGPOO secular
variation model (139 values of F component). The repeat
stations and the marine data were weighted 2/3 compared
to observatories. All data sites were given weights depend-
ing on their geographical distribution. The main field model
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was produced by a least square technique for 1997.5 epoch
and then extrapolated to 2000.0 using the IPGPO0 secular
variation model.

The 1ZM100 model was proposed by V. P. Golovkov et al.
(IZMIRAN, Russia). The main field model and the secular
variation one were obtained simultaneoudly. Only datafrom
geomagnetic observatories were used, available for 1996 on-
wards (217 annual means for X, Y, Z components). From
1970 to 1995, 162 values for the X, Y, Z components were
synthesized for every second year from the IZMST 70-95
model, onagrid of 20° x 20°. Unitweightswereappliedtoall
data. Timefunctionswere obtained from 28 well-distributed
observatories, which were then imposed in a spherical har-
monic analysis applied to all the data.

The USUKO00 model was proposed by J. M. Quinn (US
Navy, USA) and S. Macmillan (British Geological Survey,
UK). The model was built using three datasets from repeat
stations, aeromagnetic surveys and synthetic data. The 2675
X,Y, Z, F repeat station measurements over 1988—-1998
were adjusted to 1995.0 using the previous USGS/BGS sec-
ular variation model up to 1990, and the present BGS model
beyond 1990. The aeromagnetic dataset consisted of 41000
F-observations, from 1988 to 1998, updated as for the re-
peat station data. The synthetic values were computed on a
2° x 2° grid from the 1992.5 model of Quinn et al. (1995),
and updated to 1995.0 by the BGS secular variation model.
The relative data quality was assessed by giving different
weights to each dataset: 0.2 to repesat station data, 0.06 to
aeromagnetic data and 1 to synthetic data. The model pro-
duced for epoch 1995.0 was extrapol ated to 2000.0 using the
present BGS secular variation model.

The fourth model, IGRF95, was simply the IGRF 1995
model updated using the |GRF 1995 secular variation model.

The tests presented in this paper were done before the
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XXIl TUGG General Assembly (July 1999) in preparation
for the Working Group V-8 meeting of IAGA, when discus-
sions about the adoption of the IGRF 2000 model were held
(hence the reason that the selected @rsted datafor testing the
candidate models covers atime interval prior to June 1999).

2. Principleof Testing

Different procedures have been applied in the past, and the
reader isreferred to the special issues of Physics of the Earth
and Planetary Interiors (48, 1987) or Journal of Geomag-
netism and Geoelectricity (34, 1982; 44, 1992; 49, 1997).
The advantages and disadvantages of the procedures applied
toverify thequality of the model swere pointed out by L angel
(1992). Two main approaches are possible: to compare the
models among themselves and to compare the models with
real data

In our evaluation of the four candidate models, we test
the predictive power of each model versus real data. To be
surethat the dataset used for comparison isindependent from
all data used in computing the candidate models, the @rsted
scalar data were chosen. These data present two important
advantages. thereis no link with the data used by the three
teams in deriving their models, and @rsted data are well-
distributed at the Earth’'s surface, so the models could be
tested over global and regional areas.

Two tests were carried out. First, we evaluated the differ-
ences between the @rsted data and synthetic data computed
from the candidate models. Second, we tested the candidate
modelsviatheir capability to predict adip equator in order to
reducethe Backuseffect when inverting together with @rsted
data, by applying the method proposed by Khokhlov et al.
(1997, 1999).

Remark

Testswere performed by reducing @rsted datato the epoch
of the models, using the candidate secular variation models
up to degree and order 8. Tests using the IGRF 1995 secular
variation model to reduce Drsted data were also performed,
but with worse results, not shown in this paper.

3. Orsted Data Selection

The Danish @rsted satellitewaslaunched on February 23rd
1999, by NASA, and data became available on March 15th.
After numerous problems, mostly linked to time shifts be-
tween instruments, the scalar data were made accessible via
the web site of the Danish Meteorological Institut (DMI,
http://ww. dm . dk). The datawere presented in araw
format. Some problems arose because the pre-launch cali-
bration was applied to the data, and some errorsin thetiming
of the data till existed. We re-corrected the data, using the
in-flight calibration, kindly furnished by the @rsted Science
DataCenter (OSDC). Thiscorrection corresponded to ashift
of about 1.5 nT. Tests were also performed to assess the va
lidity and the consistency of the data (Langlais et al., 1999;
Appendix of Lowes et al., 2000).

After the data were corrected for in-flight calibration and
checked, the time-span from March 20th to April 26th was
considered. Over thistimeinterval datawere selected in the
usual way, using local time and magnetic activity indices.
Thefirst choicewasto select only night-side data, in order to
reduce the diurnal variation. Thereafter the three hour time
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Fig. 1. Distribution of @rsted data (19457 field intensity values), known as
setl (Mollweide equal area projection).
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Fig. 2. Distribution of @rsted data (6149 field intensity values), known as
set2, together with position of the dip equator predicted by USUK 00.

intervalsover whichthe K, = Op or K, = 0, were selected.

Considering these selection criteria, 232637 scalar mea-
surementswereretained. Thisset wasreduced to two smaller
ones, in order to have homogeneous data distributions. The
first one (setl) consisted of a maximum of 10 measurement
points per 5° x 5°, containing 19457 field intensity values.
The second one (set2) consisted of a maximum of 10 mea-
surement points per 10° x 10°, and contained 6149 field
intensity values. Each of these datasets was used for a dif-
ferent test. As the candidate models were built for epoch
2000.0, the @rsted datawere updated to this epoch, using the
secular variation of each candidate model, respectively. The
data distributions of these two datasets are shown in Figs. 1
and 2.

4. Resultsof Tests
4.1 How well dothe models predict thefield intensity?

Theaimof thisfirst test isto show the capability of the sub-
mitted modelsto predict theintensity of the Earth’'smagnetic
field at the satellite elevation.

Synthetic datafor the 19457 measurement | ocations of set1
were computed from the candidate models (all up to degree
and order 10) and compared with the real @rsted data. The
results, in terms of mean and standard deviation between real
and synthetic data, are presented in Table 1.

For each model the resulting pattern of residualsis shown
approximately by the appropriate contour plot of Fig. 3.
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a) IPGP00
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¢) USUKO00

d) IGRF95

Fig. 3. Residuals between @rsted scalar data and predicted one from a) IPGP00, b) 1ZM100, c) USUKQ0, d) IGRF95. Residuals are averaged on agrid of
15° x 15°, resulting 288 points then contoured, with a contour spacing of 25 nT.

Table 1. Comparison between real and synthetic datafor setl.

Model Mean (nT) o (nT)
IPGP00 224 65.6
IZM100 46.6 82.1
USUKO00 237 30.5
IGRF95 27.2 61.5

4.2 How well dothe models predict the dip equator?

Let us briefly recall some aspects concerning the deriva-
tion of a main field model using only scalar data. Such a
model cannot beobtained properly, anditisstrongly contami-
nated by the Backus effect: thisis due to the non-uniqueness
of the solution because the orientation of the field is not
known (Backus, 1970). Thisproblem can be solved usingthe
method proposed by Khokhlov et al. (1997, 1999) with anu-
merical application presented in Ultré-Guérard et al. (1998).
These studies show that, given the position of the dip equator
with a reasonable accuracy, it is possible to recover amain
field model without any Backus effect.

We were then interested by the coherence of the dip equa-
tor predicted by the four models with the @rsted field in-
tensity. Dip equators were simulated for the mean epoch of
the available Orsted data, i.e. March 28th 1999, using main
field candidate models (up to degree and order 10) and their
secular variation models (up to degree and order 8). Then
an inversion was performed, using the Jrsted dataset set2
and the 720 locations where B; isnull (one point every 0.5°
of longitude) on a sphere of radius 6371.2 km. The inver-
sion was performed using the least square method of Cain et
al. (1967), with unit weights for equatorial data and weights

based on sine of colatitudefor scalar satellite data, described
asfollows:

wa _ 2 Nequ + Neca

; sin (6; 1
i 3 Tsca ( I) ( )
o = T Neaw + Neca @
! 3 Tequ
with

Nega
Tea= Y _SiN(6) ®

i=1
Tequ - Nequ (4)

where v denotes the weight of thei th scalar data of colati-
tude; and ™ denotestheweight of the j th equatorial data.
Nsca @d Negy are the total number of scalar and equatorial
data, i.e. 6149 and 720.

The distribution of the scalar dataset used, together with
the position of the dip equator predicted by USUKOQO, is
shown in Fig. 2. Theresiduas given by these inversions up
to degree and order 10 are summarised in Table 2. For each
combined candidate equator/@rsted model (inversion) rms
are given separately for the AF between that model and the
@rsted data (RM Sg,), and for the vertical field of that @rsted
model at the equator locationsgiven by the candidate models,
where the vertical field would be zero (RMS). The values
of rmsfor the combined datasets (weighted according to Egs.
(1) and (2)) are aso given (RM S).

Results of thistest have to be careful considered: awrong
model could be considered closer to the redlity if only the
scalar residualsor only the equatorial residualsaretakeninto
account. Let the main field model Mg be the true, compli-
cated field model, but slightly noised, and two other models
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Table 2. Test of the prediction of the dip equator.

Model RMSga (NT) RM Sgq, (NT) RMS; (nT)
IPGP0O0 10.9 6.0 9.6
1ZM100 9.3 2.7 1.7
USUKO00 6.7 13 56
IGRF95 7.2 15 6.0

M (the true model scaled overall by some factor signifi-
cantly different from 1), and M, (a model giving the same
field intensity asthetrue model, but corrupted by the Backus
effect). Model M; gives the best geometry for the equator,
and model M, better fit the scalar data, compared to model
Mo, even thought Mg isthe morerealistic model. These con-
siderations show that both scalar and equatorial tests have
to be performed to assess the validity of a given candidate
model.

5. Discussion and Conclusion

Considering thetests presented in this paper, the USUK 00
model best predictsthe both the @rsted intensity dataand the
@rsted model dip equator. This could be related to the fact
that the USUK 00 model was built using a significant amount
of synthetic data. The residuals given by IGRF95 are about
twiceaslarge and show ahemispherical bias(Fig. 3(d)), pos-
sibly dueto error in the secular variation used to extrapol ate
the model from 1995; its dip equator is not quite as good.
The residuals for IPGPO0 and 1ZM100 are comparable with
one-another; the IPGPO0 model gives better results when
comparison is done directly versus the @rsted scalar data,
but IZM100 better predicts the dip eguator.

Theresidualsshow that the four model s could be classified
into two groups: models using only real data (IPGP0O and
[ZM100, for the main field models) and model using real and
synthetic data (USUKQO and IGRF95). For the first class of
models, theresiduals vary from —215 nT to 4420 nT for the
IPGP00 model, and from —475 nT to 4320 nT for 1ZM100.
For the second class, the residuals are lower, from —105 nT
to +110 nT for USUK OO model, and from —115 nT to +205
nT for IGRF95.

Theresidualsobtained in testing thefour candidate models
for the main field clearly show that their quality is far from
being acceptable. The best model, USUKOQO, is based on a
large number of synthetic data. The two other new models
used only real data, but with a poor distribution. As shown
by Alexandrescu et al. (1994) and Langel et al. (1995) the
data distribution is a very important parameter in main field

M. MANDEA AND B. LANGLAIS: EVALUATION OF THE PRE-BRSTED MODELS

modelling.

It is clear that new efforts must be made to improve the
knowledgeof themainfield, so asto givean acceptable | GRF.
Thefact that the @rsted satellite was flying at the time of this
Working Group meeting, gave the geomagnetic community
the hopeto get anew and better model to be adopted as | GRF
2000. This hope was achieved in November 1999 (L owes,
2000; Olsen et al., 2000).
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